Cross-talk has been shown to occur between the immune system and bone metabolism pathways. In the present study, we investigated the impact of CD4 1 CD25 1 Foxp3 1 regulatory T (Treg) cells on osteoclastogenesis and bone resorption. Treg cells that were isolated and purified from peripheral blood mononuclear cells (PBMCs) of healthy adults inhibited both the differentiation of osteoclasts (OCs) from human embryo bone marrow cells (BMCs) and the pit formation in a dose-dependent manner. In cell cocultures, the production levels of both interleukin-10 (IL-10) and transforming growth factor-beta 1 (TGF-b1) were proportionally upregulated as the ratio of Treg cells to BMCs was increased, and the inhibition of OC differentiation and bone resorption by Treg cells was completely reversed by anti-IL-10 and anti-TGF-b1 antibodies. Treatment of BMC and Treg cell cocultures with 17b-estradiol (E2) at concentrations between 10 27 and 10 29 mol/l suppressed OC differentiation and bone resorption more efficiently than it did in cultures of BMCs alone; this enhanced suppression occurred via the stimulation of Treg cell IL-10 and TGF-b1 expression. These data suggest that Treg cells suppress OC differentiation and bone resorption by secreting IL-10 and TGF-b1. E2 enhances the suppressive effects of Treg cells on OC differentiation and bone resorption by stimulating IL-10 and TGF-b1 secretion from these cells. Therefore, Treg cell-derived IL-10 and TGF-b1 are likely involved in the regulation of E2 on bone metabolism and represent potential therapeutic targets for the treatment of postmenopausal osteoporosis (PMO).
INTRODUCTION
Bone remodeling is a dynamic process that is dependent on the balance between osteoblast (OB)-driven bone formation and osteoclastmediated bone resorption. 1, 2 A disruption of the balance between bone formation and resorption may lead to bone disease. Postmenopausal osteoporosis (PMO) is thought to result from estrogen deficiency that leads to increased OC formation, decreased levels of OC apoptosis and an increased capacity of mature OCs to resorb bone. Estrogen deficiency upregulates osteoclastogenesis through the production of the pro-osteoclastogenic cytokines tumor-necrosis factor (TNF)-a and receptor activator of nuclear factor kappa B ligand (RANKL). In addition, T lymphocytes play a fundamental role in postmenopausal bone loss and in the induction of osteoclastogenesis in humans. 3 OCs are multinucleated cells that are derived from hematopoietic precursors of the monocyte/macrophage lineage in the presence of macrophage colony-stimulating factor (M-CSF) and RANKL. [4] [5] [6] [7] Many other cytokines have been shown to affect bone metabolism and OC activity, including interleukin (IL)-1, IL-4, IL-7, IL-10, IL-13 and TNF. [8] [9] [10] A previous study by our lab showed that both transforming growth factor-beta 1 (TGF-b1) and IL-10 suppress osteoclastogenesis and bone resorption in a dosage-dependent manner and exhibit synergistic effects. 11 Moreover, in rheumatoid arthritis and inflammatory bowel disease, activated T cells were found to express RANKL and promote osteoclastogenesis, thus linking the activation of the immune system with osteoclastogenesis and bone resorption. The reciprocal communication between immune and skeletal systems is observed not only under normal physiological conditions but also in cases of autoimmune and other inflammatory diseases. This interrelationship led Arron and Choi to propose the concept of 'osteoimmunology' to describe the interactions between the immune system and bone metabolism. 12 Recently, immune cells have been linked to the etiology of PMO and bone loss caused by a variety of other endocrine disorders. Furthermore, PMO has been proposed to be a chronic inflammatory disease. 13 Regulatory T (Treg) cells play a pivotal role in tolerance to self-antigens and tissue grafts and suppression of autoimmune reactions. However, little information is available regarding the role of Treg cells in osteoclastogenesis. Furthermore, no consensus regarding the inhibitory mechanism of Treg cells in cases of osteoclastogenesis has been established. Kim et al. found that Treg cells inhibit osteoclast differentiation from peripheral blood mononuclear cells (PBMCs) in a cytokine-dependent and cell-to-cell contact-independent manner and proposed that TGF-b and IL-4 may be the key cytokines for the suppressive function of Treg cells. 14 Zaiss et al. concluded that Treg cells suppress osteoclast formation primarily through cell-to-cell contact via cytotoxic T lymphocyte antigen 4(CTLA-4), suggesting that IL-4 and IL-10 contributed to, but were not necessary for, the inhibitory effect. 15 The goal of the present study was to elucidate the mechanisms underlying the modulation of OC differentiation and bone resorption by Treg cells, and to investigate the role of 17b-estradiol (E2) in this process.
MATERIALS AND METHODS

Subjects and reagents
All of the studies that were performed were approved by the ethics committee of the Hospital of Obstetrics and Gynecology, Fudan University (Shanghai, China), and have therefore been performed in accordance with the ethical standards. All volunteers were from the Hospital of Obstetrics and Gynecology and informed consent was obtained from each.
Fetal bovine serum (FBS), complete a-minimum essential medium (a-MEM) and a-MEM without phenol red were purchased from Gibco-Invitrogen (Karlsruhe, Germany). E2 and tartrate-resistant acid phosphatase (TRAP) kit were purchased from Sigma-Aldrich (St Louis, MO, USA). Penicillin, streptomycin, amphotericin B, M-CSF and RANKL were purchased from R&D Systems (Minneapolis, MN, USA). A Regulatory T Cell Isolation Kit and mouse anti-human CD25-PE were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Mouse anti-human CD3, anti-human CD4-FITC and anti-human Foxp3-PE monoclonal antibodies were purchased from eBioscience (San Diego, CA, USA). IL-10 and TGF-b1 ELISA kits were purchased from R&D Systems. Neutralizing anti-human IL-10 antibody and anti-human TGF-b1 antibodies were purchased from R&D Systems.
Induction of OCs
Osteoclastogenesis was induced in human bone marrow cells (BMCs) using the differentiation factors M-CSF and RANKL. The BMCs were collected from 13-to 16-week-post-gestation embryos following mifepristone-and misoprostol-induced abortion due to unexpected pregnancies. The pregnant women were all between 20 and 31 years of Figure 1 Osteoclasts stained with TRAP (a, 3200), bone resorption lacuna stained with toluidine blue (b, 3200) and the characteristics of peripheral human CD4 
CD25
1 age (with a mean age of 26.5 years) and had not previously received any estrogen-like products. We isolated BMCs and induced osteoclastogenesis in vitro using the same previously described standard method that is used to culture murine OCs in vitro. 16 In brief, the ends of the tibiae and femurs were removed, and each marrow cavity was flushed repeatedly by a-MEM containing 15% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 25 mg/ml amphotericin B. Erythrocytes in the cell suspension were lysed by treatment with NH 4 Cl. The BMCs were then resuspended in a-MEM with 15% FBS and incubated with 50 ng/ml of M-CSF overnight at 37 uC in a humidified atmosphere containing 5% CO 2 . The non-adherent cells were subsequently harvested, washed and plated onto glass cover slips at a density of 1310 6 cells/ml/well in 24-well plates and cultured with M-CSF (50 ng/ml) and RANKL (50 ng/ml). Every 3 days, half of the culture medium from each well was replaced with fresh medium containing M-CSF and RANKL. After being cultured for 1 week, the cells were subjected to TRAP staining; TRAP-positive multinucleated cells (i.e., those exhibiting three or more nuclei) were counted as OCs. TRAP staining and the resorption pit assay were used to determine OC differentiation and function.
TRAP staining
Cultured adherent cells were fixed on glass coverslips using a fixative and subsequently incubated for 50 min at 37 uC with TRAP-staining solution according to instructions provided with the TRAP kit. The cells were then analyzed using a microscope; TRAP-positive cells that contained three or more nuclei were counted as OCs.
Pit formation on dentine slices The BMCs were plated on dentine slices (8 mm in diameter) at a density of 1310 6 cells/ml/well in a 24-well plate and cultured with M-CSF (50 ng/ml) and RANKL (50 ng/ml) for 10 days. Half of the culture medium from each well was changed every 3 days. After being cultured for 10 days, the slices were fixed with 2.5% glutaraldehyde and rinsed three times in 25% ammonia while being subjected to ultrasonic cleaning to remove unattached cells. The slices were then washed in phosphate-buffered saline, gradient-dehydrated in 70, 95 and 100% ethanol and subsequently stained with 1% (w/v) toluidine blue. Images of pit formation were acquired using a light microscope and analyzed using Image Pro-Plus image analysis software.
Isolation and purification of CD4
1 CD25 1 Treg cells
Treg cells were isolated and purified from PBMCs of healthy nonpregnant women between 25 and 35 years old (with a mean age of 29 years) by magnetic-activated cell sorting. PBMCs were obtained from blood samples of healthy volunteers by Ficoll-Hypaque gradient centrifugation. CD4 1 CD25 1 Treg cells were isolated from PBMC populations by magnetic-activated cell sorting using a microbead- Figure 2 Inhibitory actions of activated Treg cells on OC formation and bone resorption. BMCs and activated Treg cells were cocultured in either cell contact and noncontact transwells in the presence of 50 ng/ml M-CSF and 50 ng/ml RANKL for either 7 or 10 days. Treg cells were activated with a soluble anti-CD3 and cnti-CD28 monoclonal antibody (5 mg/ml) with IL-2 (100 mg/ml) for 35d prior to being added to the coculture. Treg cells inhibited OC formation and functional bone resorption in both of the cocultures. No significant difference in the suppressive effect of Treg cells between the two cocultures was found. The data are expressed as mean6SD (n55). *P,0.05, **P,0.01, compared with controls. BMC, bone marrow cell; OC, osteoclast; RANKL, receptor activator of nuclear factor kappa B ligand; TRAP, tartrate-resistant acid phosphatase; Treg, regulatory T.
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1 T cells and positive selection of CD25 1 T cells. To achieve higher purities, the positively selected CD25
1 cell fractions were separated again over an LS column. The sorted Treg cells were incubated with mouse antihuman CD4-FITC and anti-human CD25-PE, and the purity level was assessed; subsequently, the intracellular levels of Foxp3, a highly specific marker of Treg cells, were analyzed by flow cytometry. The purities of both CD4
1 CD25 1 and CD4 1 Foxp3 1 T-cell populations were greater than 90%.
Coculture of CD4
1 CD25 1 Treg cells with BMCs
The Treg cells were activated according to the method described by Coligan and colleagues in Current Protocols in Immunology; briefly, Treg cells were activated with an anti-CD3 antibody (5 mg/ml) and an anti-CD28 antibody (5 mg/ml) supplemented with IL-2 (100 U/ml) for 3 days before being cocultured with BMCs. 17 In the cell contact wells, BMCs (1310 6 /well) and different numbers of activated Treg cells (2310 4 -2310 5 cells/well) were cocultured in 24-well plates for either 7 or 10 days in the presence of M-CSF (50 ng/ml) and RANKL (50 ng/ ml). In the no-contact transwell cocultures, the osteoclast precursors were loaded into the lower chambers and Treg cells were loaded into the upper chambers.
At 24 h of coculture, the supernatant was harvested, and IL-10 and TGF-b1 levels were measured using a quantitative sandwich ELISA according to the manufacturer's instructions with IL-10 and TGF-b1 ELISA kits. A total of 7 days later, the cells were cytochemically stained for TRAP, and TRAP-positive multinucleated cells that contained three or more nuclei were counted as OCs. A total of 10 days later, the resorption pits on dentine slices were stained with toluidine blue and examined using a confocal microscope. The mean area resorbed on each dentine slice was measured using Image Pro-Plus image analysis software.
Neutralizing monoclonal antibodies against IL-10 (10 mg/ml) and TGF-b1 (10 mg/ml) were added to the cocultures at ratios of 10 : 50 (i.e., BMCS 1310 6 /well and Treg cells 2310 5 /well) for 7 or 10 days in the presence of M-CSF (50 ng/ml) and RANKL (50 ng/ml) using an immunoglobulin isotype as a control.
Effect of E2 on OC function in the coculture with Treg cells
The cell cocultures containing a 10 : 50 ratio of BMCs (1310 6 /well) and Treg cells (2310 5 /well) were treated with different doses of E2 (10 210 , 10 29 , 10 28 and 10 27 mol/l) for either 7 or 10 days, with cultures of BMCs or Treg cells alone treated with vehicle (ethanol) as controls. All of the cultures were grown in the presence of M-CSF (50 ng/ml) and RANKL (50 ng/ml) without phenol red to avoid its weak estrogen agonist effect with charcoalized FBS. After 24 h of treatment with E2, the supernatant was harvested, and IL-10 and TGF-b1 levels were measured using a quantitative sandwich ELISA. 7 day after treatment, the cells were cytochemically stained for TRAP, and 10 day after treatment, the resorption pits on the dentine slices were stained using toluidine blue. 
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Statistical analysis
All results are expressed as mean6standard deviation (SD). All data were analyzed using the SPSS database and one-way ANOVA analysis, and P values less than 0.05 were considered to represent statistical significance.
RESULTS
Characterization of CD4
OCs were induced by culturing the BMCs for 7 days in the presence of M-CSF (50 ng/ml) and RANKL (50 ng/ml). TRAP-positive multinuclear cells began to form on the fifth day of culture. On the seventh day, the OC precursors began to differentiate by making contacting and fusing together, forming larger cells with more than three nuclei. The OC is a polykaryon that is unusually large and contains TRAP-positive granules. The numbers of cells per unit of surface area was counted using a light microscope. On the dentine slices, rounded, elliptic and sausage-like bone lacunae were observed on the tenth day. Functional evidence of the existence of OCs was obtained by measuring the resorption area on the dentine slices ( Figure 1 ).
Suppressive effect of Treg cells on the formation and function of OCs
To investigate whether Treg cells affect the differentiation of OCs from BMCs, we used BMCs that were cocultured with anti-CD3-and anti-CD28-activated Treg cells; we found that the number of TRAP-positive multinucleated OCs was significantly lower in the coculture with Treg cells, indicating that Treg cells inhibit the formation of OCs. To assess the effect of Treg cells on OC bone-resorbing ability, we performed the same coculture on dentine slices and observed a significant dosedependent reduction in the area of lacuna in the coculture with Treg cells. This suggests that Treg cells inhibit M-CSF and RANKLinduced OC formation and bone resorption in a dose-dependent manner (Figure 2) .
To determine whether the suppressive effect of Treg cells depends on cell contact, BMCs and Treg cells were cocultured in transwells under conditions that either allowed for or prohibited cell contact. No Figure 4 Treg cells inhibit OC formation and bone resorption via the secretion of IL-10 and TGF-b1. The formation of OCs (a) and the surface area of bone resorption lacuna (b) were evaluated after neutralization with antibodies against IL-10 and TGF-b1 in BMC and Treg cell cocultures. The data are expressed as mean6SD (n55) *P,0.05, **P,0.01, compared with each other. BMC, bone marrow cell; NS, not significant; OC, osteoclast; TGF, transforming growth factor; Treg, regulatory T.
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Suppression of Treg cells on OC formation and function by secretion of TGF-b1 and IL-10
A previous study by our lab showed that TGF-b1 and IL-10 both suppress osteoclastogenesis and bone resorption in a dosage-dependent manner and that these two compounds exhibit a synergistic effect. 11 Therefore, we measured the production of TGF-b1 and IL-10 in the coculture supernatants using ELISA. The levels of TGF-b1 and IL-10 in the cocultures were significantly higher than those observed in cultures of BMCs alone and increased with an increase in the ratio of Treg cells to BMCs. No significant difference was observed between supernatants from cell contact and non-contact transwell cocultures. Moreover, a combination of anti-IL10 and anti-TGF-b1 neutralizing antibodies completely abolished the suppressive effects of Treg cells, although neither anti-IL10 nor anti-TGF-b1 neutralizing antibodies alone could (Figures 3 and 4) . 210 M, this inhibitory effect was no longer observed in the cocultures ( Figure 5) .
We found that the levels of IL-10 and TGF-b1 in the cocultures treated with E2 were higher than those observed in cultures of BMCs or Treg cells alone. When the concentration of E2 reached 10 27 M, the levels of both IL-10 and TGF-b1 in the supernatants of BMC and Treg cell cocultures were significantly increased ( Figure 6 ).
DISCUSSION
OC differentiation and function are regulated by T and B lymphocytes, marrow stromal cells and OCs in the local bone microenvironment. All of these cell types produce cytokines, chemokines and hormones that can either stimulate or inhibit osteoclastogenesis and resorption activity. 18 Previous experimental evidence obtained both in vivo and in vitro Figure 5 The effect of E2 on OC formation and bone resorption in BMC and Treg cell cocultures. BMCs were cocultured with Treg cells in cell-contact transwells at a ratio of 2 : 50 on slides (a) and dentine slices (b), with BMC and Treg cell monocultures as controls. E2 was added at the indicated concentrations, with solvent alone included as a control. The data are expressed as mean6SD (n55). *P,0.05, **P,0.01, compared with controls. BMC, bone marrow cell; E2, 17b-estradiol; OC, osteoclast; TGF, transforming growth factor; TRAP, tartrate-resistant acid phosphatase; Treg, regulatory T. 1 T cells play a pivotal role in the maintenance of immunological self-tolerance and the modulation of immune responses. The nTreg cells constitutively expressed the a-chain of IL-2 receptor (CD25), intracellular cytotoxic T lymphocyte antigen, glucocorticoid-induced TNF receptor and forkhead box P3, a key transcription factor that is required for their development, maintenance and function. 24, 25 In our study, the purified cells showed purity levels of 98.19% for CD4
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1 CD25 1 and of 92.81% for CD4 1 Foxp3 1 , both characteristic surface markers of CD4 1 CD25 1 Treg cells. Because the purities of levels of both were greater than 90%, we used the cells as CD4
1 CD25 1 Foxp3 1 T cells in subsequent experiments. Currently, there is no consensus regarding the mechanism of Treg cell action in inhibiting immune responses. Treg cells modulate the immune response through three primary mechanisms: (i) the direct killing of cytotoxic cells through cell-to-cell contact; (ii) the inhibition of cytokine production by cytotoxic cells, in particular IL-2; and (iii) the direct secretion of immunomodulatory cytokines, such as TGFb and IL-10. 26 In this study, we investigated whether Treg cells affect OC formation and functional bone resorption and how such effects may occur. Our results showed that Treg cells inhibit the differentiation of OCs from BMCs in addition to the bone resorption of mature OCs. Furthermore, we found that this suppression is cytokine-dependent and does not require direct cell-to-cell contact. We previously demonstrated that both TGF-b1 and IL-10 suppress osteoclastogenesis and bone resorption in a dose-dependent manner and together exhibit synergistic effects. 11 Here, we found that the levels of both TGF-b1 and IL-10 are higher in the supernatants of BMC and Treg cell cocultures than in the supernatants of the respective monocultures. The combined administration of anti-IL-10 and anti-TGF-b1 neutralizing antibodies completely abolished the suppressive effects of Treg cells, although administration of neutralizing antibodies against just one of the cytokines alone had no effect. Our data show that Treg cells suppress osteoclastogenesis and bone resorption in a TGF-b1 and IL-10 cytokine-dependent manner; therefore, TGF-b1 and IL-10 both play pivotal roles in the coculture system.
In recent years, immune cells have been linked to the etiology of both postmenopausal and senile osteoporosis in addition to bone loss caused by a variety of endocrine conditions. D'Amelio et al. suggested Figure 6 The effect of E2 on the secretion of IL-10 and TGF-b1 in BMC and Treg cell cocultures. A total of 24 h after BMCs were cocultured with Treg cells at a ratio of 2 : 50 with E2 at the indicated concentrations; the levels of IL-10 and TGF-b1 in the supernatant were measured by ELISA. The data are expressed as mean6SD (n55). *P,0.05, **P,0.01, compared with controls. BMC, bone marrow cell; E2, 17b-estradiol; TGF, transforming growth factor; Treg, regulatory T.
CY Luo et al 56 that estrogen deficiency stimulates OC formation by increasing the production of both TNF-a and RANKL, in turn increasing the number of OC precursors. Women with postmenopausal osteoporosis exhibit higher T-cell activities than healthy postmenopausal subjects; thus, T cells contribute to the bone loss caused by estrogen deficiency in humans and mice. 3 Estrogen plays a pivotal role as an inhibitor of bone resorption by acting directly on OCs to decrease their resorption activity and increase their rate of apoptosis. 27 In our study, both OC differentiation and bone resorption were efficiently suppressed by E2 at concentrations that fall within the ranging from 10 27 to 10 29 M; importantly, these concentrations fall within those that occur under physiological conditions. In BMCs and Treg cell cocultures that were treated with E2, both OC differentiation and bone resorption were suppressed more efficiently than in cultures that contained BMCs alone. Furthermore, osteoclastogenesis in the presence of E2 is rarely observed when the ratio of Treg cells to BMCs approaches 10 : 50. Therefore, Treg cells enhance the inhibition of E2 on OC differentiation and function. Tai et al. found that E2 injection increases the number of CD4 1 CD25 1 T cells in different lymphoid tissues (such as spleen and inguinal lymph nodes) in addition to enhancing the expression of Foxp3 in Treg cells and inducing secretion of more IL-10 but not TGF-b from these cells. 28 IL-10, an immune suppressive cytokine that is secreted by Treg cells, plays a critical role in the regulation of osteoclastogenesis and bone resorption. In this study, we found that E2 at a concentration of 10 27 M increases the production of both IL-10 and TGF-b1 in the supernatant of BMCs and Treg cell cocultures in comparison to either monocultures or untreated cocultures, therefore demonstrating that E2 can enhance the secretion of both IL-10 and TGF-b1. After the addition of E2, the concentrations of IL-10 and TGF-b1 in both cocultures and Treg cell monocultures increased in comparison with BMC monocultures, thus indicating that E2 enhances the suppressive effects on OC differentiation and bone resorption by stimulating IL-10 and TGF-b1 secretion from Treg cells. The specific mechanisms responsible for the actions of IL-10 and TGF-b1 on osteoclastogenesis and bone resorption remain to be investigated. Mohamed et al. found that IL-10 inhibited RANKLinduced osteoclastogenesis primarily through the inhibition of NFATc1 expression at both mRNA and protein levels in RAW264.7 cells and mouse bone marrow cells. In addition, IL-10 inhibited the expression of both c-Fos and c-Jun in RAW264.7 cells and mouse bone marrow cells. Both c-Fos and c-Jun were reported to be critical for transcriptional activation of NFATc1 in RANKL-induced osteoclastogenesis. IL-10 also decreased the RANKL-induced expression of NFkB p50 and phosphorylation of c-Jun N-terminal kinase. 29 Evans and Fox reported that IL-10 inhibited the RANKL-induced expression and translocation of NFATc1 by disrupting Ca 21 mobilization in RAW264.7 cells. 30 Park-Min et al. found that IL-10 inhibited RANK-induced osteoclastogenesis and selectively inhibited calcium signaling downstream of RANK by inhibiting transcription of TREM-2. Downregulation of TREM-2 expression resulted in diminished RANKL-induced activation of the CaMK-MEK-ERK pathway and decreased the expression levels of NFATc1, the master regulator of osteoclastogenesis. 31 Fox et al. demonstrated that TGF-b primed monocytes for osteoclast formation within 24 h by directly inducing cytoplasmic NFATc1 expression, although TGF-b was unable to stimulate NFATc1 nuclear translocation. TGF-b enables NFATc1 expression during osteoclastogenesis. 32 Further investigation is required to determine how these mechanisms relate to the findings of this study.
In the present study, we demonstrated that CD4
Treg cells suppress OC differentiation and bone resorption via the secretion of IL-10 and TGF-b1. Furthermore, we found that 10 27 M E2 enhances both IL-10 and TGF-b1 secretion from Treg cells, thus further inhibiting OC differentiation and bone resorption. Therefore, Treg cell-derived IL-10 and TGF-b1 are likely involved in the E2-mediated regulation of bone metabolism via their activities against OCs. These findings provide new insight into mechanisms and therapeutic strategies for PMO. 
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